
	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	



John Ellis	


King’s College London & CERN	



Cosmology & Particle Physics	





Plan of Lectures	


1 - The Big Picture	



–  Introduction to Big Bang cosmology	


–  Dark matter and dark energy	


–  The role of particle physics in the early Universe	



2 – Particle candidates for dark matter and dark energy	


–  The Higgs boson and cosmology	


–  Supersymmetry	


–  Searching for supersymmetry at the LHC	


–  Searches for supersymmetric dark matter	





Time 

Space 

The Universe is Expanding	





Olbers’ Paradox	


•  Why is the night sky not as bright as the 

surface of the Sun?	


•  In an infinite, static Universe, every line of 

sight would end at the surface of a star	


•  Absorption does not help (Herschel)	


•  Finite spherical Universe no help either	


•  Universe must be finite in time and/or space	





The Universe is expanding	


•  Galaxies are receding from us	


	

 	

Hubble expansion law: galactic redshifts	





The expansion of 
the Universe	



Hubble’s data	


Hubble, basketball player	



Modern data	





The Universe is expanding	



•  Galaxies are receding from us	


	

 	

Hubble expansion law: galactic redshifts	



•  The Universe was once 3000 smaller, hotter 
than today	


	

 	

cosmic microwave background radiation	


	

 	

emitted from the primordial plasma	





Cosmic Microwave Background	



Almost the same in 
different directions  

Small 
variations 
discovered 
by COBE 
satellite  



The Cosmic Microwave Background Radiation 

Discovered by	


Penzias & Wilson,	



1965	

 Very close to a perfect	


thermal spectrum:	



The Universe once had 	


a temperature of 	



thousands of degrees	





The Universe is expanding	



•  Galaxies are receding from us	


	

 	

Hubble expansion law: galactic redshifts	



•  The Universe was once 3000 smaller, hotter 
than today	


	

 	

cosmic microwave background radiation	



•  The Universe was once a billion times 
smaller, hotter than today	


	

 	

light elements cooked in the Big Bang	





Making Elements in the Early Universe	



•  Universe contains about 24% Helium 4	


	

 	

and less Deuterium, Helium 3, Lithium 7	



•  Could only have been cooked by nuclear reactions 
in dense early Universe	


	

 	

when Universe billion times smaller, hotter than today	



•  Dependent on amount of matter in Universe	


	

 	

not enough to stop expansion, explain galaxies	



•  Dependent on number of particle types	


	

 	

number of different neutrinos measured at accelerators	





Abundances of light elements in the Universe 

Theoretical calculations  

 Agree with data 

Not enough ordinary matter to make the Universe recollapse 

Helium 

Lithium 

Assuming 3 neutrino species  

 Agree with data 



A Strange Recipe for a Universe	



The ‘Concordance Model’	


prompted by astrophysics & cosmology	





Evidence for Dark Matter	



Galaxies rotate more rapidly	


than allowed by centripetal	


force due to visible matter	



X-ray emitting gas held	


in place by extra	



dark matter	



Even a 	


‘dark galaxy’	


without stars	





Evidence for Dark Matter from���
Gravitational Lensing	



Light bent by gravitational	


field of dark matter	



Contours of mass density	





Direct Evidence for Collisionless 
Dark Matter	



Collision of two galaxies:	


dark matter lumps pass through	



Collision of two galaxies:	


gaseous matter stuck in between	



Clowe et al, 2006	





The Dark Matter Scaffolding	



As measured 	


by weak lensing	



Massey et al, 2007	





= MAssive 
   Compact 
   Halo 
   Objects 
= dead stars 
   or black holes 

< 10 % of our halo 

Our Halo is not made of Machos	


Could our galactic halo be ordinary matter? 
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Particle Dark Matter Candidates 

SUSYM
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Cold thermal	
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e.g., LSP	



Superheavy ‘cryptons’	



gravitino	



ν	



axion	
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A Strange Recipe for a Universe	



The ‘Concordance Model’	


prompted by astrophysics & cosmology	





The Cosmic���
Microwave���
Background	



According to COBE	





The CMB Power Spectrum	



Relative heights	


depend on Ωb	



Location of first peak	


depends on ΩTot 	





Dark energy	



Matter	



Matter density	


~ 0.3	



Dark energy	


~ 0.7	



Total density	


~ critical	



WMAP Constraints on Density	





Abundances of light elements in the Universe 

Theoretical calculations  

 Agree with data 

Not enough ordinary matter to make the Universe recollapse 

Helium 

Lithium 

Total density	


required by	



CMB	



Baryon density	


required by	



CMB	





High-redshift supernovae	


are standard candles	



Universe now accelerating,	


previously decelerating	



not dust, not evolution	



Riess et al, Perlmutter et al	



Direct evidence for dark energy	





Concordance Cosmological Model 

WMAP+SN+HST	



WMAP, Supernovae, 
Large-scale structures … 

Ghirlanda et al 

… and gamma-ray bursters? 



A Strange Recipe for a Universe	



The ‘Concordance Model’	


prompted by astrophysics & cosmology	





Open Cosmological Questions	


•  Where did the matter come from?	


	

 	

1 proton for every 1,000,000,000 photons	



•  What is the dark matter?	


	

 	

Much more than the normal matter	



•  What is the dark energy?	


	

 	

Even more than the dark matter	



•  Why is the Universe so big and old?	


	

 	

Mechanism for cosmological inflation	



Need particle physics to answer these questions 



300,000	


years	



3	


minutes	



1 micro-	


second	



1 pico-	


second	



Formation	


of atoms	



Formation	


of nuclei	



Formation	


of protons	


& neutrons	



Appearance	


of mass?	



Appearance 
of dark matter? 

Appearance 
of matter? 



The Very Early Universe	


•  Size: a  zero	


•  Age: t  zero	


•  Temperature: T  large	


	

 	

 	

T ~ 1/a, t ~ 1/T2	



•  Energies: E ~ T	


•  Rough magnitudes:	


	

 	

T ~ 10,000,000,000 degrees	


	

 	

E ~ 1 MeV ~ mass of electron	


	

 	

t ~ 1 second	


	

 	

 	

	



	


Need particle physics to describe earlier history	





Mathematical Description	



•  Large-scale universe ~ isotropic & homogeneous	


•  Only possible form of metric (Robertson-Walker)	



•  Redshift:	


•  Related to expansion rate:	



•  No Einstein yet!	





General-Relativistic Description	



•  Einstein’s equations:	



– Cosmological constant Λ part of Tμν	


•  Treat matter & radiation as fluid:	



•  Friedman-Lemaître equations:	





•  Relativistic degrees of freedom:	



•  Degrees of freedom in Standard Model: 	


•  Expansion rate:	



Relativistic Particles	





How Flat is the Universe?	



•  Measure density relative to critical value:	



•  Curvature:	


where critical density	



	


•  And Hubble expansion rate:	


•  Exponential expansion if Λ dominates:	





•  Integrating Hubble expansion rate:	



•  Approximate solution:	



•  Estimated age: 13.7 billion years	



Age of the Universe	





The Cosmic���
Microwave���
Background	



According to COBE	



What is the origin of the fluctuations in the CMB?	





•  Generated by quantum fluctuations in inflaton 
field	



•  Density perturbations:	


•  Power spectrum:	


•  Evolution depends	


   on equation of state	


•  Measured in CMB, 	


   galaxy distributions 	



Density Perturbations	





Origin of Structures in Universe	



Small primordial fluctuations: 	


one part in 105	



Gravitational instability: 	


Matter falls into 	



the overdense regions	



Convert into matter with varying density	





Structures observed in the Universe	



Galaxies  Clusters  smooth at largest scales 



Simulation of Cold Dark Matter	


Initially quite homogeneous: gravity → structures form → today 	



Simulation of present-day	


Universe:	


- Filaments of dark matter,	


- Clusters of galaxies at nodes 	





Structures in Universe vs 
Concordance Model	



Flat Universe:	


	

ΩTot = 1,	



Cold dark matter:	


	

ΩCDM ~ 0.25,	



No hot dark matter,	


Few baryons:	



	

Ωb ~ 0.05,	


Dark energy:	



	

ΩΛ ~ 0.7	





A Strange Recipe for a Universe	



The ‘Concordance Model’	


prompted by astrophysics & cosmology	





Simulated Production of a Higgs Boson 



The Higgs Boson and Cosmology	



•  Changed the state of the Universe when it was 
about 10-12 seconds old	



•  May have generated then the matter in the 
Universe	



•  Contributes (too much) to today’s dark energy	


•  A related inflaton might have expanded the 

Universe when it was about 10-35 seconds old	





•  Energy-momentum tensor for scalar field:	



•  Density & pressure:	



•  Evolution of scalar field:	


•  Slow-roll parameters:	


•  If these are small, near-exponential expansion:	



	

 	

 	

 	

 	

: Λ = V(φ)	



Scalar Fields & Inflation	





Nambu and Higgs 
Spontaneous breaking of symmetry 

Vertical scale 60 orders of magnitude 
greater than measured dark energy 



A Strange Recipe for a Universe	



The ‘Concordance Model’	


prompted by astrophysics & cosmology	
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Do Neutrinos matter?	



•  They exist! 	


•  And have very small masses	


	

 	

but non-zero – oscillation experiments	



•  Might make up some of dark matter	


	

 	

less than 10%?	



•  But would escape from galaxies	


	

 	

moving relativistically	



•  Need heavier stable dark matter particles	


	

 	

supersymmetric particles?	





Ων=0 

Ων=0.01 
Ων=0.05 

Data on large-scale structures	



2d
F 
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2 

Not much neutrino mass density 

WMAP3 + Lyman α:	


Σmν < 0.17 eV	





Not much Hot (Neutrino) Dark Matter	



Ωνh2 < 0.007	


Σmν < 0.17 eV	



According to WMAP et al …	





A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
a ( )10 WIMPlog GeVM

lo
g 1

0(
σ

/p
ic

ob
ar

ns
) 

Particle Dark Matter Candidates 

SUSYM

GUTSM

PLANCKM

PQf

IH

Cold thermal	


relics,	



e.g., LSP	



Superheavy ‘cryptons’	



gravitino	



ν	



axion	


QCD!

WEAK" "!



Supersymmetry? 
•  Would unify matter particles and force particles 
•  Related particles spinning at different rates 

    0   -    ½     -    1    -    3/2    -     2 
  Higgs - Electron - Photon - Gravitino – Graviton 

•  Many phenomenological motivations 
–  Would help fix particle masses 
–  Would help unify forces 
–  Predicts light Higgs boson  
–  Could fix discrepancy in gµ - 2 

•  Could provide dark matter for the 
  astrophysicists and cosmologists 



Why Supersymmetry (Susy)? 

•  Hierarchy problem: why is mW << mP ?  
  (mP ~ 1019 GeV is scale of gravity) 

•  Alternatively, why is  
  GF = 1/ mW

2 >> GN = 1/mP
2 ? 

•  Or, why is  
  VCoulomb >> VNewton ?  e2 >> G m2 = m2 / mP

2 
•  Set by hand? What about loop corrections?  

  δmH,W
2 = O(α/π) Λ2 

•  Cancel boson loops  fermions 
•  Need     | mB

2 – mF
2| < 1 TeV2 



Loop Corrections to Higgs Mass2 

•  Consider generic fermion and boson loops: 

•  Each is quadratically divergent: ∫Λd4k/k2 

•  Leading divergence cancelled if 
       Supersymmetry! 

2 

x 2 



Other Reasons to like Susy 

It enables the gauge couplings to unify 

It predicts mH < 150 GeV 

As suggested 
by EW data 



 
•  Double up the known particles: 
 
 

•  Two Higgs doublets 
  - 5 physical Higgs bosons: 
  - 3 neutral, 2 charged 

•  Lightest neutral supersymmetric Higgs looks like 
the single Higgs in the Standard Model 

Minimal Supersymmetric Extension of 
Standard Model (MSSM) 



Lightest Supersymmetric Particle 

•  Stable in many models because of 
conservation of R parity: 
  R = (-1) 2S –L + 3B  
  where S = spin, L = lepton #, B = baryon # 

•  Particles have R = +1, sparticles R = -1: 
  Sparticles produced in pairs 
  Heavier sparticles  lighter sparticles 

•  Lightest supersymmetric particle (LSP) stable 
 

Fayet	





Possible Nature of LSP 

•  No strong or electromagnetic interactions 
  Otherwise would bind to matter 
  Detectable as anomalous heavy nucleus 

•  Possible weakly-interacting scandidates 
  Sneutrino 
   (Excluded by LEP, direct searches) 
  Lightest neutralino χ (partner of Z, H, γ) 
  Gravitino 
   (nightmare for astrophysical detection) 



Constraints on Supersymmetry	



•  Absence of sparticles at LEP, Tevatron	


	

 	

selectron, chargino > 100 GeV	


	

 	

squarks, gluino > 400 GeV	



•  Indirect constraints	


	

 	

Higgs > 114 GeV, b -> s γ	



•  Density of dark matter	


	

 	

lightest sparticle χ:	



WMAP: 	


	

 	

0.094 < Ωχh2 < 0.124	



gµ - 2 



Supersymmetric Models to Study 

•  Gravity-mediated: 
–  NUHM2 

•  as below, mhu ≠ mhd 

–  NUHM1 
•  as below, common mh ≠ m0 

–  CMSSM 
•  m0, m1/2, tan β (B0), A0 

–  VCMSSM 
•  as above, & A0 = B0 + m0 

–  mSUGRA 
•  as above, & m3/2 = m0 

–  RPV CMSSM 

•  Other SUSY ✕ 
models: 
–  Gauge-mediated 
–  Anomaly-mediated 
–  Mixed modulus-

anomaly-mediated 
–  Phenomenological 19-

parameter MSSM 
–  NMSSM 
–  …. 

Less studied in global fits 

Most studied 
in global fits 

Also studied 
in global fits 

Some 
Global 

fits 
If model has N parameters, 

sample 100 values/parameter: 
102N points, e.g., 108 in CMSSM 



Data 
•  Electroweak precision 

observables 
•  Flavour physics 

observables 
•  gµ - 2 
•  Higgs mass 
•  Dark matter 
•  LHC 
MasterCode: O.Buchmueller, JE et al. 



Dark Matter Observables 

•  Cosmological cold dark matter density 
– ΩCDM h2 = 0.1109 ± 0.0056 

•  Reduces dimensionality of SUSY space by ~ 1 
– Could be other sources of DM: little effect 

•  Upper limit on spin-independent scattering 
•  Other astrophysical constraints? 

– Annihilations inside Sun/Earth neutrinos? 
– Anomalies in cosmic-ray γ/e+/e- spectra? 

•  Not explicable in models discussed here 
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Supersymmetric Signature @ 
LHC 

Missing transverse energy  
carried away by dark matter particles 



Supersymmetry Searches in CMS 

Jets + missing energy (+ lepton(s)) 



Supersymmetry Searches in ATLAS 

Jets + missing energy + 0 lepton 





68% & 95%  
CL contours 

….. pre-LHC 
___ LHC 1/fb 



Gluino mass 

Favoured values of gluino mass significantly 
above pre-LHC, > 1 TeV 

….. pre-LHC 
___ LHC 1/fb 



Strategies for Detecting Supersymmetric 
Dark Matter 

•  Scattering on nucleus in laboratory 
  χ  + A → χ + A 

•  Annihilation in core of Sun or Earth 
  χ – χ → ν + … → µ + … 

•  Annihilation in galactic centre 
 χ – χ → γ + …? 

•  Annihilation in galactic halo 
  χ – χ → antiprotons, positrons, …? 



XENON100 Experiment 

Aprile et al: arXiv:1104.2549 



Importance of the π-N σ Term (ΣπN) 
•  Higgs exchange important for spin-independent DM 

scattering 
•  Sensitive to <N|ss|N>  
•  Baryon masses: σ0 = ½(mu + md)<N|uu + dd - 2ss|N>  

       = 36 ± 7 MeV 
•  Cf, ΣπN = ½(mu + md)<N|uu + dd|N> 
•  Strangeness ratio y = <N|2ss|N>/<N|uu + dd|N> 

        = 1 – σ0/ΣπN 

•  Some experiments suggest large value of ΣπN = 64 ± 8 
MeV, hence y large 

•  Some lattice calculations suggest y small 

_ 
_ _ _ 

_ _ 

_ _ _ 



Sensitivity to π-N Scattering σ Term 

JE + Olive + Savage: arXiv:0801.3656 

 For benchmark 
supersymmetric 

scenarios 



Significant impact of XENON100 experiment: 
Prospects for coming years ! 

Spin-independent 
dark matter scattering 

….. pre-LHC 
___ LHC 1/fb 



Much further below prospective 
experimental sensitivity ? 

Spin-dependent 
dark matter scattering 

35pb-1	

2010	





100 1000 1600
0

1

2

3

m1/2 (GeV)

 
v 

/ (
10

-2
6  

cm
3 /

s)

tan  = 10, co-annihilation

tan  = 10, focus point

tan  = 55, co-annihilation,funnel

tan  = 55, focus point

Neutralino Annihilation Rates 

Small in 
coannihilation 

strip @ small tan β 

Constraints  
potentially along 
focus-point strip 
and @ large tan β 

JE, Olive & Spanos: in preparation 



200 300 400 500 600 700 800 900 1000
0

1

m1/2 (GeV)

tan  = 10 ,  ! > 0

Br
an

ch
in

g 
ra

tio

"

b b
_

W+W-

ZZhZ

t t
_

Focus Point

Annihilation Branching Fractions 
Vary in different regions of parameter space 

JE, Olive & Spanos: in preparation 

200 300 400 500 600 700 800 900
0

1

m1/2 (GeV)

tan  = 10 ,  ! > 0

Br
an

ch
in

g 
ra

tio

"

b b
_ W+W-

t t
_

gg

Must be modelled correctly 



Neutrino Fluxes from CMSSM Dark 
Matter Annihilation in Sun 

Neutrino flux above 1 GeV 

JE, Olive & Savage: arXiv:0912.3137 



Neutrinos from 
Annihilations inside the Sun 

JE, Olive, Savage and Spanos: arXiv:0912.3137  

LHC 



Gamma Fluxes from Dark Matter 
Annihilation in the Galactic Centre 

JE, Olive & Spanos: in prep’n 

Detectable? Detectable? 

LHC mass limit LHC mass limit 



Gammas from 
Annihilations 
in the Centre 
of the Galaxy 

JE, Olive and Spanos: arXiv:1106.0768  

LHC 



Anomalies in  
e+/e- Spectra? 

•  Shoulder in e+ + e- 

spectrum? 
•  Rising e+/e- ratio 
•  Uncertainties in 

cosmic-ray production, 
propagation? 

•  Nearby sources? 
•  SUSY interpretation 

difficult, unnecessary? 



Antiprotons and Antideuterons  
from Dark Matter Annihilation? 

… standard cosmic rays 
--- possible supersymmetric model 
 __ including production at source 

Antideuterons could provide 
another window of opportunity? 



AMS-02 on the International Space Station (ISS) 



AMS-02 and 
Dark Matter 

•  Measurement of e+ 
spectrum to higher E 

•  Precision measurement 
of antiproton spectrum  



Cosmological Lithium Problem(s) 

Theoretical calculations  

 Agree with data 

Not enough  
Lithium 7? 

Helium 

Lithium 7 

 Agree with data 

Also evidence for over-production of Lithium 6 



Long-Lived Gravitino & BBN 

•  Conventional Big-Bang Nucleosynthesis 
calculations agree well with D, 3He, 4He data 

•  Constraints on abundance of long-lived relic 
–  Apparent discrepancy for Lithium: 
 

–  Globular clusters: 
–  BBN calculation: 

•  Can discrepancy be removed by decays of 
long-lived relic, e.g., gravitino?  

Cyburt, JE, Fields, Luo, Olive & Spanos: arXiv:1007.4173 



•  Relevant interactions 
of non-thermal 
particles from relic 
decay showers 

•  Incorporate errors in 
measurements 

•  Make global 
likelihood analysis 

Nuclear 
Reactions 

Cyburt, JE, Fields, Luo, Olive & Spanos: arXiv:1007.4173 



Improvements in Fit to BBN Data 
•  Standard BBN: χ2 = 31.7 
•  Best fit to halo Li data: χ2 ~ 5.5 

•  Best fit to globular cluster Li data: χ2 ~ 2.7 
•  Allowing for higher D/H error: χ2 ~ 1.1 

Cyburt, JE, Fields, Luo, Olive & Spanos: arXiv:1007.4173 



Effect of 
Annihilations during 

Big-Bang 
Nucleosynthesis on 

6Li Abundance 

LHC 

-  Standard Big-Bang 
nucleosynthesis predicts  

 6Li/H ~ 10-14 

-  Some observations 
suggest enhancement to  

 6Li/H ~ 10-11 

-  Late dark matter 
annihilations may 
enhance to 6Li/H ~ 10-12 

 
JE, Fields, Luo, Olive & Spanos: arXiv:1109.0549 



•  The content of the 
Universe	


	

 	

Dark energy	


	

 	

Dark matter	


	

 	

Origin of matter	



Big Bang ↔ Little Bangs	



•  Particle experiments 	


	

 	

Higgs boson	


	

 	

Supersymmetry	


	

 	

Matter-antimattter	



Learn particle physics from the Universe	


Use particle physics to understand the Universe	




